When evaluating the detection probability of a pulsed Gm-APD laser ranging system with a propagation path close to the ground, the detection probability limitation caused by the atmospheric turbulence cannot be ignored. Based on modulated Poisson model, the detection probability limitation due to the turbulence effects is investigated, and a cumulative pulses detection method is proposed to restrain the turbulence effects. The results show that the influence of the turbulence effects is equivalent to adding a new noise source to the echo intensity, the detection probability results in a worse situation with stronger turbulence effects, when the turbulence degree is 1.5 and the echo intensity is 10, the target detection probability decrease by 0.17, and the false alarm probability increases by 0.03. By utilizing the cumulative pulses detection technique, the target detection probability and false alarm probability improve by 0.3 and 0.07, respectively.
INTRODUCTION
Avalanche photodiode operating under Geiger-mode (Gm-APD) has the ability to detect an extremely weak echo intensity with single photon sensitivity [1, 2] . The Gm-APD only simply records whether or not an avalanche event occurs in a given exposure time and outputs digital signals (0 or 1), and can be used for single photon counting laser ranging system which is to measure the time between the laser firing and the reflected photon initiating the firing in the Gm-APD, by utilizing this round-trip time information, together with the angle of pitch and azimuthal angle, the target's three-dimensional (3D) imaging can be reconstructed [3] . Owing to the advantages of high photon detection efficiency, low sensitivity to magnetic field, small size, and low power consumption, the Gm-APD gradually becoming one of the most important solid-state optoelectronic devices in the field of laser detection, and the Gm-APD has been employed for camouflaged target imaging, low-light wireless optical communication, space debris detection, and remote 3D imaging [1] [2] [3] [4] [5] [6] . The pulsed Gm-APD laser ranging system acquires the target distance with the time-of-flight (TOF) technique which can determine the target distance by measuring the round-trip time of the emitted laser pulse. However, when the emitted laser pulse travels through the atmosphere channel, especially in daytime and sunny condition, the detection probability is inevitably influenced by the turbulence effects, and the detection probability limitation due to the turbulence effects also cannot be ignored. For extremely low echo intensity level, the probability firing primary electrons in the Gm-APD obeys Poisson statistics [1] [2] [3] . If the turbulence effects are added into the laser radiation, the influence of the turbulence effects on the photon flux is modeled as a modulation of the mean irradiance, and the statistics of the modulated echo photons is assumed to obey the lognormal distribution and be statistically independent from the echo photons detection process in the Gm-APD, thus the detection probability of the echo photons with turbulence effects is considered to obey the modulated Poisson distribution [7] . The influence of the turbulence effects is essentially equivalent to adding an extra noise source to the laser ranging system, and a reducing detection probability will be produced in turbulence, to restrain the detection probability limitation due to the turbulence effects, the cumulative pulses detection using multiple pulses to detect the same situation repeatedly with the ability to improve the target detection probability and restrain the false alarm probability effectively can be used to achieve improved cumulative probabilities [8, 9] . This paper presents the detection probability limitation due to turbulence effects based on the modulated Poisson model in the Gm-APD. Based on the probability distribution of single pulse detection, the cumulative pulses detection technique with the ability to achieve improved cumulative probabilities is investigated. Utilizing the typical system design parameters, the main influence factors which determine the cumulative probabilities are discussed. The results show that the turbulence effects decrease the target detection probability and increase the false alarm probability, and the proposed approach with the ability to acquire improved cumulative probabilities can be used to restrain the turbulence effects in the pulsed Gm-APD laser ranging system.
PROBABILITY ANALYSIS

Probability Model
The time diagram of the laser ranging system is shown in Figure 1 . The laser emits out the pulse at 0, the range gate with gate width T G is used to gate a Gm-APD for limiting the noise due to the detector only working when the range gate is on, the starting time of the range gate is at τ S , the whole range gate is divided into a number of time bins with the length τ bin , each time bin is used as a judgment unit for successful photon events, the echo pulse width is simplified to be shorter than the time bin length and meet for making sure the total echo energy is only impinging into one target time bin, and the firing location of the echo pulse with respect to the starting time of the range gate is τ d . The Gm-APD operates under long dead time condition and only triggers once in one range gate, N s is the mean number of primary electrons that is triggered by an echo pulse filling into one target time bin, N PE is the mean number of the primary electrons that is produced by noise per nanosecond, to simplify the analysis, the random fluctuation of the noise primary electrons is ignored and N PE is simplified as a constant. Because the photon events do not happen outside of the range gate, the beginning time of the range gate can be regarded as zero timing position. Therefore, the primary electrons distribution of each time bin in one range gate is
where N n =N PE ·τ bin is the mean noise primary electrons in one time bin, N s +N n is the total number of primary electrons in the target time bin, and the number of total time bins occupied by one range gate is b=T G /τ bin , the number of time bins before echo position is T=τ d /τ bin .
To enable a Gm-APD to acquire a successful detection event in the i-th time bin, two conditions must be satisfied: (1) no successful detection events fired by noise or signal in the previous i-1 time bins; (2) a successful detection event fired by noise or signal in the i-th time bin. Therefore, according to the Poisson statistics response model of the Gm-APD, the detection probability of the i-th time bin is given by [10] :
Then, the probability distribution of each time bin in the range gate is given by
The Gm-APD can only response to the echo intensity, the intensity random fluctuation due to turbulence effects makes a random modulation on the mean irradiance of the laser pulse, as a result, the echo intensity random fluctuation becomes more severe, the influence of the turbulence effects is equivalent to adding a new noise source to the echo intensity. The probability of the intensity random modulation with weak to moderate turbulence degrees obeys lognormal distribution and is statistically independent from the echo photons detection process in the Gm-APD. Therefore, when the turbulence effects are added, the probability with m primary electrons fired in the Gm-APD during the integration times is [7] :
where random variable K is the modulated mean primary electrons fired by the echo pulse during an observation interval of t 1 to t 2 , the parameter 2 ln K σ named as turbulence degree is the variance of the stochastic variable lnK and is used to characterize the degree of the intensity random fluctuation, and M is the mean primary electrons produced by echo pulse in one time bin. Then, with the help of Equations (1)- (4), the probability distribution of each time bin with turbulence effects is given by
Therefore, the target detection probability P d of single pulse detection in the target time bin is given by
The photon detection event in non-target time bin is defined as false alarm event, and the false alarm probability of single pulse detection is given by [11] :
where the last term is the probability that the Gm-APD does not response at all although the echo photons and/or noise exist.
Probabilities Degradation with Turbulence Effects
With the help of Equations (5)- (7), and the designed parameters are selected as follows: T G =200 ns, τ d =100 ns, τ bin =1 ns, N PE T G =0.2732, the probabilities (P d and P f ) of the single pulse detection as a function of the echo primary electrons N s with different turbulence degree (σ lnK =0, σ lnK =1.5, σ lnK =2.5) are shown in Figure 2 (a). It is shown that when the echo intensity becomes stronger, the Gm-APD is more likely to be fired by stronger echo intensity, higher target detection probability and lower false alarm probability are obtained. When the turbulence effects are added, lower target detection probability and higher false alarm probability are produced, and the influence of the turbulence effects is more serious, i.e. the turbulence degree is higher, the probabilities result in a worse situation, when the turbulence degree σ lnK increases from 0 (no turbulence) to 1.5, even if the echo intensity is strong, i.e. the echo intensity N s arrives at 10, the target detection probability decreases by 0.17, and the false alarm probability increases by 0.03, if the turbulence degree σ lnK increases to 2.5, the target detection probability decreases by 0.48, and the false alarm probability increases by 0.07, respectively. The influence of turbulence degree σ lnK on the probabilities is shown in Figure 2 (b). The turbulence degree becomes larger, the influence of turbulence effects on the probabilities becomes greater, lower target detection probability and higher false alarm probability are produced. In the case that the echo intensity N s is 10, when the turbulence degree σ lnK increases from 0.5 to 4.5, the target detection probability P d decreases from 0.87 to 0.31, and the false alarm probability P f increases from 0.13 to 0.2. Therefore, the intensity random fluctuation caused by the turbulence effects is equivalent to adding an additional noise source for laser ranging system, and the echo intensity is weaker, the influence of turbulence effects on the detection probability is more serious.
CUMULATIVE PROBABILITIES IMPROVEMENT
Cumulative Detection Process
The cumulative process is shown in Figure 3 . The laser emits a laser pulse train with period T train , i.e. the laser ranging system can output the target distance value with the frequency 1/T train Hz, each pulse train contains N D laser pulses during the time Tp, the repetition rate of the emitted laser pulses is T D =N D /T p , and the maximum unambiguous range of the laser ranging system is 1.5×10 8 N D /T p km. The Gm-APD records only whether an avalanche event occurs or not in a given exposure time and outputs digital signal, the cumulative pulses detection achieves the photon counting number by using multiple pulses to detect the same situation repeatedly, the returns fired by the echo photons pile up in the target time bin, and the events fired by the noise are likely to accumulate at any time bin in the range gate. Because the statistical characteristic of the echo photons and noise photons in the time domain is quite different, the noise photons are considered to distribute in the range gate uniformly, and the echo photons only persist within the echo pulse width. Then, the cumulative number of noise is dispersed, and the cumulative number of echo photons is mainly distributed in the target time bin. Therefore, an appropriate detection threshold can be set for eliminating the influence of the noise, if the cumulative counting number are equal or greater than the detection threshold, the corresponding time bin is considered to have detected an echo signal successfully, otherwise as no any photon events happening. 
Cumulative Probabilities Model
For N D cumulative pulses detection, the probability that a successful fired event happens in any time bin obeys binomial distribution, when the cumulative fired numbers in one time bin exceed the detection threshold th, the target is confirmed to be found. Then, based on the target detection probability of single pulse, the cumulative target detection probability in N D cumulative trials with the detection threshold th is given by [1, 2] :
For single pulse detection, the false alarm probability outside of the target time bin is given by 1 .
Then, based on the binomial distribution model, the cumulative false alarm probability of the cumulative pulses detection is given by ( )
Cumulative Probabilities Improvement in Turbulence
With the help of Equations (8)- (10), when an appropriate detection threshold is set, the improved cumulative probabilities (P D and P F ) can be acquired, as shown in Figure 4 . It is shown that the cumulative pulses detection (N D =15, th=5) has the ability to improve the target detection probability (compare P D (σ lnK =0) with P d (σ lnK =0)) and reduce the false alarm probability (compare P F (σ lnK =0) with P f (σ lnK =0)), when the echo intensity is larger than 10, the false alarm probability of the cumulative pulses detection becomes sufficiently small and can almost be ignored. However, for extremely weak echo intensity (N s <0.25), since the target detection probability of single pulse detection is very small, the probability of successful photon events number exceeding the detection threshold also becomes smaller, the target detection probability of the cumulative pulses detection becomes smaller than that of single pulse detection instead. Therefore, to acquire an appropriate cumulative target detection probability with extremely echo intensity, the detection threshold should be selected as small as possible. When the turbulence effects are added (σ lnK =1.5), the cumulative target detection probability will decrease a little (compared to P D (σ lnK =0)), but it is still larger than that of single pulse detection; the cumulative false alarm probability also rises a little, but it is still less than that of single pulse detection. When the echo intensity is 10, compared to single pulse detection without turbulence (P d (σ lnK =0)), the cumulative target detection probability (P D (σ lnK =1.5)) increases by 0.3, and the false alarm decreases by 0.07. ._ Figure 4 . Cumulative probabilities improvement.
Influence Factors of Cumulative Probabilities
The influence of the turbulence degree σ lnK on the cumulative probabilities with three fixed echo intensities is shown in Figure 5 . Compared with Figure 2 (b) and Figure 5 , the influence of turbulence effects on the cumulative probabilities is similar to that of single pulse detection, but the cumulative pulses detection technique can obtain improved cumulative probabilities. When the intensity random fluctuation becomes more severe, i.e. the turbulence degree σ lnK is larger, the target detection probability becomes smaller, the false alarm probability becomes higher, and the echo intensity is stronger, the influence of turbulence effects on the cumulative probabilities is smaller. The cumulative pulses number N D and detection threshold th are two other important influence factors on the cumulative probabilities. For a fixed detection threshold (th=3), as the cumulative pulses number increases, the probability that the successful photon events number exceeds the detection threshold in one time bin also becomes larger. Then, both the target detection probability and false alarm probability become higher. Therefore, to obtain improved cumulative probabilities, the cumulative pulses number should be selected appropriately, as shown in Figure 6 (a). At the same time, for a determined cumulative pulses number, the detection threshold is larger, the probability that the successful photon events number exceeds the detection threshold becomes smaller, i.e. the larger detection threshold will eliminate more false alarm events or echo photon events. Therefore, the target detection probability and false alarm probability both become smaller with a larger detection threshold, as shown in Figure 6 (b). For heavier noise level, the Gm-APD is more likely to be fired by the noise, when the noise level becomes heavier, the probability that the noise events number exceeds the detection threshold becomes larger, the influence of noise level on the false alarm probability becomes more serious, as shown in Figure 7 (a). Meanwhile, due to different target distance in the detection depth of field, the echo position also varies in the range gate, and the Gm-APD may be triggered by the noise photons before the echo position. For more rear echo position, the Gm-APD is more likely to be fired by the noise photons before the echo position, the probability that the noise events number exceeds the detection threshold is higher, thus a more rear echo position generates lower target detection probability and higher false alarm probability, as shown in Figure 7 
CONCLUSIONS
The Gm-APD with single photon detection sensitivity is very suitable for remote laser ranging, however, high sensitivity makes the Gm-APD easily be disturbed by the turbulence effects and results in detection probability limitation. In this paper, the detection probability limitation in turbulence and the cumulative pulses detection technique with the ability to restrain the turbulence effects have been presented. Based on the modulated Poisson model of the photon detection with the turbulence effects, the detection probability limitation is investigated. With the probability distribution of single pulse detection, the improved cumulative detection probabilities are proposed. Utilizing the typical design parameters, the influence of six factors, namely, echo intensity, turbulence degree, detection number, threshold, noise level, and echo position, on the cumulative detection probabilities is discussed. The results show that the turbulence effects limit the detection probability and add an additional noise source equivalently in the laser ranging system, the cumulative pulses detection has the ability to improve the target detection probability and suppress the false alarm probability. Stronger echo intensity, lower noise level and more frontal echo position produce higher target detection probability and lower false alarm probability, and it is important to select the appropriate cumulative pulse number and threshold for achieving cumulative detection probabilities.
